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1 t was st at eci earl i c“r that cli f f usi c)n i s always import arlt cluri Ilg



funnc] i ng arlcl an expl anat i on i s l]c>w gi ven. q’c) the extent”. that the

IIRB can be approximated as stat ionary, it b]c)cks the majority

carri er current. when the I)R j s ~c’verse’cl-hi asecl . l’hi s means that.

majority carrier drift- and cljffusjc)n Currents llavc the same

absolute values at the’ DRH. Ullcier high-density conditions (cic2-

fillc’d hy the carrjer Ciorlsi t-y great] y exceeding the ciopi ng density

i n t,hc’ cjuas-neutra] regj CJI1) , the c’lc’ct.rc)n ant] hc)lc~ clensit. ies are

near] y ecjual j n the’ cjuasj -neutral regjc]n, so the minority carrier

clrif”t.  and dif fusic)n cmrrerlts ale also ocjua] at. the I)I<B (but t.hc>y

acid i ns. tead c)f subtract. ) . ~’hc’ 1 atter t.wc) cul.-rerlt. s arc? Qcjual l.y

impc~rtant ant] one imp] i es. t he c)t }lc~r.

Urlf ortunate] y, thr cc)rlclusi  c)]] t hat mirlc)rit y carri er dri f’t ap -

prc)xinmt  PI y ecjua]s

cc)nclj ti clns. at. the

current i s easy t.c>

sarily the same as

mi nc)ri t.y CaI-ri er cli f fusi c~]l urlclc’r llicjh-cic>nsjty

1)1<1! clc~cs nc]t imply that. the mi rlori t.y carrj c:r

c~al C:ul at c! . ~’}Ic di f f usi c)n curr[:nt is nc)t. Ilc~ces -

precli d C’C3 hy a 1 i near- di f f’usj on ecjuat. i on. Al 1

cases clef-i IIC? di f’fusi on cur-re~lt.  t c) hr prc]port.  i ona] t,o the gradi cnt.

c)f the carri er c]ensit. y f urlct ic)]l, hut. t hi s grac]i ent clepencls c)n

w}]ether t,hc~ clensi t y f’urlct.i c>rlj s c~c~v~rnc!cj hy t.}]c 1 i rlear c3i f f’usic)n

ecjuat. i c)n c>r hy a mc)re cc>mpl i cat cd set. of ecjuat. io~ls. }Iowc’vcr , whc!n

1 c)c>ki IICj at a s~li t.ak)] y rc:st ri Ct cd cle. vi cc recji c)rl, WC! sc)nlc~t.i  mes have

t}lr c~pt i c>]] c)f usi IIC; a 1 illear (ii f f usjc,l) equat ic)ll wit. }1 IIlc)cli  f ic, cl

hc)undary cc)ndj t.i c)ns as an apprc)xi mat c’ al t.e. rrlat. ivc tc) a more

compl j cated ecjuati c)n wi t 11 simpl c’ hc>undary  concii t.i c)ns [ 8 ] .

Ep i di C> CICS, 1 ikc bulk cli OCICS, (Ian hc’ part. i t.i c)rled i nt. c) cli st. i nct

regjc)lls, but t.hc!re are f’c)ur regi C)IIS for the epi case. q’here j s a

I)R , a cjuasi -Ilc’utra] cpi sect i c)II, a space- char-gje regi c)]l (clenc)t. cd

}111) asscxi at ecl wi th t llc cpi /sul)st rat e hi qll - 1 C)W jurlct.i  c)]], allc] tile

Cjllasi - I“lc!ut. ra] subst rat e be] C)W t }IC’ 1]], . C:cmput.er ~,in~~l] at i or] l-C~S>Ul  t.S

S}lC)W t}lat. the 111, p] ays t.l]c s,amr l-c)] e i rI epj cii CJC3CS as the 11}<1< i n

hu] k cli c~cles. Mc)st c)f t.hc clevi cc’ VCJI t age i s usual ly shared by the

1)1< .311C] 111,, with c)n]y a smal 1 volt agcI acrc)ss t-he j on trac:k j n the

c]uas i -neut.r- a 1 epi regi C)II (ar]cl almc)st no VC)I t acjc~ ac:rc~ss  the heavi --

1 y-clopccl cjuasi -ncut r-al suh~; t.rat e regi CII-l) . ~’lIc potent i a] profi le



jn an epi djode js qualjtat-jvely  sjmjlar to that jn a bulk djodc!,

but wjth t-he }11, subst. ji. utjncj for the II RR. q’hj s prc)ciucc:s  some

sjmi ]aritj~s in t.lle. r.harc; e.-r, ol 1 ect. jc]n physics for the. two cases.

ArI important. cii fference betwc’e~l t}~e epi and hulk cases is t-hat.

the asymptotic value c)f” co] lectecl charge, dpnot.ed Q(co) , js simple

t.c) Cal culat.e f-or t-he cpi casc, at. 1 cast- f or t.hc reverse-bi asing

concljtic~ns  that, have beer] cc)~]siclc’red. Aclreement wi t.h cc]mput.er

simul ati on re. su] ts i s. obtai IICJCI by assumi ncj that charge f“] ow f rc~nl

the heavi ly-dopecl substrate tc) 1 IIC c!pi i s governed by minc~rj t y

carrjer dif’f usj on. l~ut this js IIc]t er)oucjh  t-o make Q (w)) simpl e.

~’he sirnp] i fyi ncj ohsc’rvat. i on i s t]lat the minority carrier cle.nsity

at tile epi/substrate bourlclar-y i s sma] 1 Comparec]  tc) tile clerlsit.y i n

the subst. rat. e interior, i . e. , t hi s bclur)dary i s si~lk-1 jke f c)r

mi nori t.y carrj crs. q’hi s uIIccJupl  es i ~)teract j ons i n the sense ~hat

minority carrirr f’lc)w frc)m the’ s~lbst. rat. c t c) the epi is i rldcperlc]-

clnt of conditions in the epi . Furlnelincj influences  t.hcl time

pro f-i le of cc)] lect. ecl C}largjc’ by i rlf 1 uericj rlg the rate that c:arrj m-s

i n the c~pi a r cz co] lected, but i t dc>es nc)t affect. the number c)f

mrri ers that e]]ter t hc: epj f rc)m t }IC Substrate . l’lli s IIumbcr i s

addc’cl t c> the number c>f c;arr~ ers. 1 i })erat ccl i n the epi I.c) c>ht.ai 11

Q(co) , and tho result i s va] icl wi t h c~r without f unnc~] ing.

~’hc’ stat. ement.s made i ]] thi s clver - vjcw are easier to vj sua] j ZC?

jf- i llus}t rations are given. Sect jc)ns 4 tllroucjll ‘1 prc)vidc such

i 1 lustrati c)ns. Y’}lcI charcje- CCJI 1 ec:t i C) I-I phys)i CF. wi 1 1 be cii scus. s,eci

again, but jn mc)re det aj 1, jn Sect jc)ns 8, 9, arlc] 31 .

3. ~arrier-car-rier  Sc:at. t.c’rirlq

A thec)ret. ica] analysis [ 9 ] C:c)llcl Ucics that. a cc]nsj stent t.rea t.-

mc:nt c)f carri er-carr-i er scatt e)-i ng (cC:S) re. cjui rc!s that. t }lc~ Eirl-

stein rc>]at.i  c)n, rctl at-i n<] cli ffus. ic>n cc)ef f i cie~lt.s t.o mobi 1 it jcs, bC

mcxlj f-i ed. T’he mocli f ied Rinst.eir] re]at ic)rl results jn t}lc ambj polar

di f fusj c)n Cc)c’f f j ci c’rlt. bei ncj urlaj f ec:t. ecl by CC:S. q’hj s cc)nc:l usi c)n



could be iniuit. ive]y guessed i f“ we t-hj nk of am bjpo]~lr cij ff”usj on

as a process in w}]ich elect rc))Is and holes move together. 1 n

reality, e] ect. rons and ho] es rleed riot move together durj ng ambi -

polar diffusic]n [8,30, Secti c)n 8 of thj s paper] . But they do in

sc>mc special c:ases and that i s, good c:naucjh for thi .s di sr, us. si on.

We Could have guessed that CCS wou]cl not. affect. ave.rage carrier

mc~t. j on when both types of C,arri ers are alreac]y thermal i ZPC3 and

have the same average mc)t.i c)n. 9’o the ext. ent. that an ion track

evolves via ambi polar di ffusi or], the time evolutiori of the track

shc)u]d  not bc> af f e~~ed l:)y CCS .

rel atj on can (depcricli ng on the

t-i ons, such as a track being

jnmobj  1 c fc)r an extended time.

Bui. f“ai 1 ure tc) niodi f y the I+; j nstein

C:(:S mc~cie] ) 1 ead to cxt.remc  prc!di c-

“frc)zen!l as if the carriers were

11 may bc better- to nc)t. usc CCS at

al 1 than t.o use it. j ncc)nsi stent ly.

‘1’he best. apprc)ach for r.omput or- si mu] ati ons j s,. of course, t.cl

incluc]e CCS consi stent.1 y . 1 t j s speculated that. the secc>nd-bast

approach, whi Ch should cc)rrect ly preclic:t track evoluti on, js to

Cc)rlsjsterlt] y necj] ect cCS, wlli 1( the worst approach, whi ch can

predi c:t frc)zell tracks, j s to j II C] UC]e CC:S in som~ ec~~latj  OnS bl]t.

not c)t.hers. We are usjng al I c)IcI versic)n of 1’1 SC!ES that- f’cll lows

the secorld- best. apprc)ach.

4. f!cmput,c?r_ Simulat.j  ons c)f t.hc ll:;~;el ine Case

l’he PISCI+:S preclj ct. i c)n c)f co] l.ected charge for the Figure! 3

arrangemc!nt i s shown i n Pi gurc! 2. ~’he fi cjurc al so shows co] 1 ect. ed

charge for the bu] k versj c>n, whj c:h i s the s,ame as Pi cjure. ] except

t}lat t.hc! p+ substrate i s rep] acc!cl by a c:onti rluat ic)n of” the epi

layer-. T’l]e }lori zc)])tal 1 i ne i s the charge 1 j berat. ec] i n the epi

rec i c)]].J T’ilc: e-pi versi on prc]ciurees a 1 arcjer- c:ur-rent zlt c:ar] y t.jmc!s,

al thoucjh total cc)] 1 e.ct ed cllarcje i s rc:clucccl. IIowcver, t.hc t.eta]

c~c)l 1 ec:t cd c:hargp  CIC)C:S C’xcc?c!cl t.lle charge 1 i berat. ecl i II the epi

lay[!r. 1 n this case tllc 1 atter twc) c:harcjes  cli f fer by about. a

f’actor of 2, a 1 thc)ugh thi s. j F,  IIc)t cl u]) j ve. r sa] number . I)ussau] t et.



al . [ 2 ] have fc)uncl that tc~t.a] cc)] 1 ect.c’d charge’ clepc!nds on SUb-

strate doping, and can range frorrl one extreme (as muc:ll as the

bulk device) to the other (charg[: 1 jberated in the epi ) .

!l’hc’ epi and hulk curves irl Fiqurc’ 2 are clua] itatively similar

t.o those in the corrcspc)ndirlg f igure presented by Dodd ct- al .

[1]. As already poi ntecl out- by I)ocld et al . , the cc>rner irl the epi

dc!vice curve (O. 9 ns in Figure 2 clf thjs paper) is the transiticul

between funnel i rlg and no funne] i ]lcj. q’his is the time at which the

I)R is compl etcl y recovereci. A cc]~-respondi ]lg Corrler is not. vi sib] e

in the bulk clevi cc: curve becausc! IJR recovery is much s] ower ancl

the transiti on i s mc]re gradual . ‘1’wo aclcli t i or-la] t irnes, cleriot.ed t-l

and t.2 jn Figure 2, were se] e.ci.[’cl for a cletaj 1 ccl loc)k at. condi --

tions iri the epi device.

q’ime tl (0.366 ns) i s the t.jme at which t-he epi and bulk cle -

vi ces in Figure 2 procluce t.hc s:ln~e current . After this-, t.inle the

epi devi ce produc~s the smal 1 er current., and pri or t.c) t.lli s t.j me.

the api clevice produces t-he 1 a~cjer currer]t. . T’hj s i s al so very

close tc] the time at. which t.}le [’pi devi cc cc)] 1 ect. s an amc)unt. of

charge equal t.o t.llat 1 i berat ccl i n t.hc? epj 1 ayer ( j t i s nc)t. yet.

known whether or nc~t thj s i s ar) <Icci dent. ) .

several devi cc reg”i ons at t jnic? tl are ident. i fi ecl by e] ect. ron

and hc)le ciensi ties. Fi gur-c! 3 p] c)t.s these c~uanti ti es as a funct.i cm

of di stance on the axi s c)f syn~m[~t,ry  (the track) . For such ) arge

cz~rri er dens it. i es i n the I i ght 1 y clc)pecl  epi 1 ayer, quasi --rleutral i -

ty is easi ly iclc~ntj fied hy t.}le cc)rlcli t.i orl t.}lat t.hc C] ec:t ron and

hole densities are nearly equa] . ~Ihe f i gure shows a quasj -neutral

s.e. r,t’i c)n of the e.pi 1 ayer ancl a s,~~ac(! Cllarqe. rc!cji c)rl (the. I)R) , with

the twc) rcgi ons scparat. ec] by a rrasc)nab]  y we] 1 -clef i neci boundary

(the! 1)1{1;) . Cln the ot.hcr s,i cle c)i the quas. j -nc!utra] cpi sec:t. i on is

another- s,pace. c+arcje. rc?c~i c)n assc)ciat  ecl wiih the hiqh-1 ow ~unct.ic)n

(111)) . l’he two rc!gi ons are ~,~!p~,r~~t~.c~ by allc)t.her rcas. c)rlab] y VJc!l 1 -

def i ned boundary (the first. 111, boundary c)r 11111~2 ) . On the other

side of t}le 111, i s snot }Ier c~ua:. i -rle.ut.ra]  regi on . 1 n t.hi s heavi 1 y



cioped region, quasi -neutrality is identi iicd by t-he condition

that the hole density is apprc~ximatc’1  y the e] ectron density plus

the clopi ng density. ‘l’hi s regi c~n is separated fron~ t.hc H], by the

second HI, boundary H1,H2 . ~“he Lerminol ogy used in thi s paper

regards the epi layer as the union of three regions: the DR

(above the I] RR) , the quasi -neut ral epi region (between the DRB

and the }II,BI ) , and the }11, (between t-he }II,BI and the }11,112) .

l’he potenti al at time tl is p] otted as a funct.i on of cli stance

along the axis of symmc?try in l’igure 4 . The figure also shows

pot. enti al di f ferences het.ween vari ous houndari es. T’lle pc]tcnti al

differences must ac3d up to the’ applied voltage plus bui]t. -in

pot. enti al , so the sum exceeds the applied 5 volts. It. ‘is seen

that. the DR suppclrts 1 ess than ha] f c)f the t.c)t. al VOI tage. l’he DR

will he said to he partially “cc>llapsed!~ when t-he supported

voltage is significantly less than it. WC)U1 d be without. the ion

track, so the f-i gure Shc)ws a partia] 1 y co] 1 apsecl DR. Not-o that

the DR width i s al so reducec]. Figure 3 shows t.hc width to be

about O . 6 ~n]. Wi thc)ut. an i on t rilclc, t }ICI wi dth WOU1 d he abc>ut 3

~LIU  . 1 f tJle st.rcmgth of” funnel j ng is nlpasurccl by t.}le oxt ent. of DR

Cc)llapsc, then f’unnel ing i s si j 11 strong at time t.l Cven thcnlgh

t.}le co] 1 ected charge has al reac]y rc?achc:cl  the va] ue of” t llc: Charge

1 ikmrat.ed i n the epi 1 aycr. Ficju> e 2 al so sucjgest.s that. funnel i ng

is sti 1 j st. rc]ncj at this t_inlc. Note t}lat there is very little

vc)l tago across the c~uasj -neut ra] epi regi c)]]. IIowevcr, even a wc!ak

e] ectri c f i c’] d produc:es st. rorlg CIri ft. cur-rents i n a high] y corl -

duc:ti ng track, arid the r,urrent at time. t.l i s 1 arge. , as irnpl i ed by

Figure 2. As poi nted out i n Sccti c)n 2, the pot. cnt. i al prclf i 1 e

shown i n Ficjure 4 is cjualit. ative)y sinlilar tc) t}lat f’or bulk

devices, but wi t.h the }]1, suhst i t.ut. i ng fc)r the. IIRR.

~’ime t2 (1 . 19 ns) is Lhe time at. w}]i c.)) the c:urre. nt f c)r the

base] ine problem is at a relative minimum. Cl]arcje ctol 1 .2 Ction i s

sti 1 1 occurring, but. at. a rc!clucpd rate.. carri or clensit. ies and

pot ent. i al are p] c)t. ted i n }“i gures; 5 ancl 6. Mc)st. c~f the carri ers

}lave been removed from the epi 1 ayer . ~’}le 11}< has recc)vered and



supports Ilclarly  al 1 of tllc dc!vicc’ voltacje. Funnel i ng has stopped.

5 . ~om~ut.gr. Si~~ul_aa~i ons of a. Reducccl I,F;T ..Case

P3 SCES was run agai 1] f’or a prol, ] em that is the same as Figure 1

except. that the i on I,IKI’ was ch~incjed  frc>m 40 t.. c~ 1 MeV-cm2/mg.

Collected charge is plotted as a function of t irne in Figure ‘1 .

Fc)r compari son purposes, the base] ine CaSC was normal j zed by

dividing by 4(I and p] ot. t.ed on the same graph . 11’he 1 ow-l, R~’ curve

shows a corner- that- is just as ~~ro~lc]unc.ed ZIS that SC?C?II f“C)r the

high -l,l;q’ case. The collected  charge up to thjs corner i s by

funnel i ng, and exceeds the charge 1 i herat.ecl i n the epi 1 ayer, hut

only slightly. When cc>mpari ng the hi gll - and 1 CJW-l,FKI’ c:ases, we

find that the asymptotic values of Q are nearly jn t-he rat. i o of

the 111:’1’s . Ilut_ the 1 OW-I, FTI’ case: results j n a f’astc!r IJR recovery,

SC) this ratio i s not observec] at some definite but. early time.

Fc>r example, at 0. I ns the rat io j s shout 24 instc:aci Of 40. ‘1’wo

adc]iti onal times, cieno~ed tq ant] t.2 in the figure, were selected

for discxlssion.

‘1’ime tl (O. 135 ns) i s t.hc t im~ at which co] 1 ect.ed charge for

the reducc:d l,RT’ case ecjua] s that liberated in t}le epi layer.

Carrj cr densities ancl pc)tentj al s are p] ot t.c.cl in Fjgures 8 and 9.

It. j s seen that. the DR j s part i al 1 y co] 1 apsecl ancl furlrlcl i rig i s

occurri ng. As with the high -I, El’ c:ase at the correspond ng t.jme,

some of” t.hc~ epi ] aycr VC)) t.age j f; acrc)ss t}lc. }1] ,. Hut , c;c>mpa r ed to

the hi gh-llll’l’ case, , the 1 OW--3,}I:’I’  c.a:. e shows a much sma] 1 ~r cc)nduct---

anc. e in tile cjuasi -neut. ra] port ic)n c)f the epi 1 ayer, a~~cl thi s

rc:gi on supports a great. c:r- vol tacje ar]cl a cjrc!ate. r frac. t i C)I1 of the

t-ot.al epi 1 ayer vol t-age. q’imc t ~ (0.399 ns) is the time at. whjch

t.hc> current f c)r the reciuc:ec] 1,}1:’J’ c:asr j s at a relat ive minimum. 1 t

is not- ~lecessar-y to jrlcludc clet tij leci p]c)ts f’c)r tlli s time pc)int.,

bc~c?ausc t.hc!y merc:l y conf i rm tile ~xpectcd resu]t , that the 1)1< is

rc:cc)vered  and the popul at. i c)n cjf c1 ect.rc)]ls i n t.hc! epi layer i s

much 1 css than at time tl .

] 3



1’1 SCRS was run agaj]l f-or a prc)b] em t hat is t.llc same as Figure 1
.

except that. p--types and rl-t.ypcs are j Ili erchanged anti the pol arit.y

of tJ]e app] i ed VOI t.age i s revrrsed.  co] 1 ect, ecl c}lar-ge i s p] c)tted

a s a f unct, ion of’ t,imc jn Figure 10, whj ch al SC) shows the basel i ne

Case? . ‘1’he mc)st not, i ceabl e Charact eri st, j c of t.hc> new Curve> i s that

cd~arcje co] 1 ectj c>n is at a rEIcluceci rat. c’ and there i s nc> corner

marki IIg the encl clf the f“unne] i rig recji me. ~:Vell t-he anl CIUl]t. C)f”

Charge j ni tj al 1 y 1 i berated j ]] t }Ic! D}: (3 pm wc)rt h of” track ] engt.h)

is not. ‘tprompt” (an ●xpla nati 011 j s given in Sect. i on 8) . T’}le c>nl y

way tc~ deterrnj nc~ t-he time at w}ii c+] the DR Yecc)vcsrs i s by 1 ooki ng

at. potent. j al prof i 1(:s at varj ous t,jmes . Such an j nspe~t. j on has

founcl that the I)R recovery tj~le is rc)ughly 10 ps. Negligjblc

c}largc~  co] lect.ic>rl has c)ccurrecl l~p t c) t.hi s t i me, i . e. , f u~lnc’1 i ng “

plays no signjficarlt rcllc~, as clj scussecl i r] nlorc’ detai 1 bc’1 OW.

Fc}r Conlpari son purpc>srs, t inl[~ t ~ f or the pfl - + cli C)CIC was11-11

se] e.cte. d t.o C.c>nfornl t-o t.l fc>r the base]jne case. ‘J’hc nearest

avai ]ablc! time point. i s 0. 3“/7 ns. C!arri pr clcnsit i c’s and pc)t. enti al

at. this t.jrne are plottec] in }:’igure. s 1 1 ancl 1 7 . The pot. c?rlt, i a) j n

Figure 12 j s plotted with a rcvc~rseci sjgn SC) that the fjgure will

1 c~ok nlore 1 i Ice previ ous f-j gurcs. ‘l’he. 111, js f] oocled SC) t hat wj cith

arlcl vol t ac~e are II CICJI j cji b] y smal 1 . 1 rlst cacl of twc~ bounclar j es (}11 ,}\l

anti }IIIB2 ) , the }11, r.ecjjc)ll is rc,present.ecl by a sirlgle ljrlc~ ir~

l“i gures 33 and 32. q’llc> IJI< suppc)rt s near] y a] 1 c)f t.lle device

Voltage? at tin~~ t], and at al 1 t imes 1 at er t ha~] 1 0 ps, c:c)nsi st. ent.

with t}le assert j c)rl t hat f’un]lel  i IIg has nc~ sigl)ificarlt  role.
*

condjt. i c~ns resernbljncj t.hc)se s}lown jn Figures 11 anc~. 32 have

l)cIe]l precli ct c’ci thc~oreti cal ly. 1 t j s pc)ssjblc  t.o Predj ct. a r]ec:es -

sary Cc)l)cli t.i on, c:xpressed ill terms of tile spat i a] cli s,tribut. ion of

carri c’r gc’ne rat i c)n, for f unrle] j IIg t.o c)cc;ur . 1 f“ t }IC cc)rlcli t.i c>n i s

nclt. satjsfic!d, the IJR wj 11 nc~t (.:c)I 1 apse ever] wllcn t he carrier



clensjty at the DRB greatly CXCC’CCIS the dc,pjncj dc.Jlsjty.  }:’j~ures 11

and 12 illustrate a 1)1{ that. has resisted collapsing under such

conclj ti ons (they al SCJ show that a reduced DR width dc)es not. jmp] y

a co] 1 apse as clefjnc; d in Sectjc>ll 2) . It. may be surprj si Ilcj that. a

DR can resist CO1l apsing under llig}~-densj  t.y cc>ndi tj ons, hut thi s

was t.he.oreti.tally predicted [8] before Ijcjncj observed jn I’l SCHS

results. ‘1’hc2 analysis al S70 S} ICIWS that the DR is most. able tc)

resist CO1 lapsing whc~n thc suhst. rat.c i s n-type. . Ilowcver, the

ana]ysjs appl ies to steacly- slate condjtjons  ant] a transient.

anal og remaj ns to he worked out . 1 f the steady-state analysi s can

he trusted fc)r this tra~~sient prec]ict i c)n (this remains to he

vc?rifieci)  , fur)ne]  i ncj i n p+ -n-rl-’ epi cli c~cles sllc>ul c1 be unimportant

whenever the epi thickness is sma] 1 c~nc)ucjh SC, that ion I,RII is

near] y unj form thrc)ughc)ut  thc~ epi 1 ay(. r. Funnel i rig might he

important. i f the epi t,hi~,knc~:;s ~,j cjnj f’i Cat]tl y exc:cJecis th~> trac, k

1 engt.h .

-/ . f:.ou~puter Sinlul{lt~qns  of an 1 IIc:reased Dc)pi ncj Case

Going back to the n-} -p-p+ ciic, clc. , 1’1 Scl:s was run agaj~l for a

problem that. j s the same as Figure 1 c!xc:ept that. the epi dc)pi ncj

clensit.y was changed from 8x1 0’4 tc) 1 0) 6 - :iC!nl . co] 1 c’c:tecl c:harge j s

p] Ott. c?d as a f’uncti c)]] c)f’ t.imc i 11 l’j gure 13, whi ch al SC) SIIOWS the

base] ine case. 1 nstc. ad of s.llc)wj ncj a sharp Cc)rner , t he ncw curvcl

j s a Cc)n]promi se between t.hc> Pi c~~]re 3 [1 (no f’unne] i IIg) curve and

t.ho basel i ne ( st.rorlcj fur]ne] j ncj ) c:urve, suggest. j ncj that”. f urine] i ncj

is marcjirlal for t-hi s c.asc:. ‘J’hi s assert. j on can he veri f i ed by

1 c)c)ki ncj at. condi t.i c)ns irlsi C3CI tile clevi Ce. ‘1’imc~ t ~ was se] Cct.c!cl t.c)

~c)nf c)rm t.c~ t.j me t.l for t he bas; el j ne CaSC . ‘J’}lc’ llearc’st. avai ] ahl e

time pc~int is O. 363 1]s. Carric>l+ cle. tlsi t i cs and pc>t. ent. i a] at thj s

t.im~? arc p] c)t.t ed in F’jgurc>s I 4 cind I 5. T’hcT IJR j s rle. ar:l y j ntact

ancl support s, rlc:ar]y a] 1 c)f t}lc’ vc]ltacje, i ncii cat i ng t hat. f urine] j llg

j s very weak .

It might. have been guessed th~it. funnel incj WOUIC1 be weak for
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this case, becausp the raticj c)f track density to dopirlg density

i s rc’ducecl (compared to the base] ine CaS; cI) Scl nc, n] i near ~!ff’~~~.s

should be reducc!d. Although ~l]e guess agrees with P’] SCF;S results,

the reasc>nirlg behi rlcl t.hc guess; is wrc)~]g becauscT the reciuc:ec] ]Ilvl’

Case had an even smal ler rat ic~ of I,ITJ’ to doping density, but. it

sti 11 had a strong funne] ing T c“gi me. A bc’tter explanation is

giv~rl in Sect.ion 11.

8. A_. High--IjeD~j_&y  .McIclel for .Q (t r)

net. tr clenote the time of DR recc)very, i ● ., the time ovor

wl~i ch funric~l i ng cJCCurs. ~’wc) va] Llc’s c>f cc)] 1 ect Pd charge t hat. may

be of i nt. c’rest are the val ucI up t c) t i mr t.,., C)(t. r) , ancl the’ tclta] ,

Q(c@) . l’hjs sect.i on treats the f c)~nier value. ~’hj s c~uant. j ty is on] y

mc:aningfu] for the n+ --p-p+ di c>de, E;CJ that. is the case cc)rlsi dercd.

A .~]ociel f-or cal cul at i ng Q(t ~.) i s c’asi 1 y clerivecl frc)m a number

c)f approxi mati ons hasec] on t.hr assumpt i C)I1, - -Sucjcjc?st  C?cl k)y Pi gurc? 3,

of hjgll-dc:rlsj t.y conciit. i c)ns, j .e. , the carrier dc’nsitic’s  in the
\

quasi -neutral epi region great 1 y exc:eeci t }Ie dc~pi ng clellsj t y unt i 1

near] y al 1 of Q (t.l-) has, hc~c~n cc)] 1 ect ecl . OrIC recjui rement for t }Ie

assumptions t.o he valic] is t}l at. the ic)rl ljI+:~’ be suffjc:jerlt.  ly

1 arge. 11’he Cal cwl at C:CI va]ue of’ Q (t. r) wj 11 he f c)uncl to QXC:CC:CI t.}lc:

~llarge 1 i berated in tl~e. epi 1 egic>l), Q] i}:, . ‘J’llerefc)rc another

nc!cessary concli t.i on f’or t.hc? as:; unipt i c)ns t c) he va] i d i s t hat t he

track 1 ength and substrate cli ff usj or] ] ellgtll both he ] c)ncj c,nough

SC) that the suhs, tratc

c!llc)ugh tc) mai ht. ai r] t

llc!al-]y a]] Of- Q(tr)

c)hvi CIUSly fai ] j f the!

arc SC) short that. t.hc

cali supp] y r.arri crs to the cpi region fast

hc assumed high -clensity Cc)rlcljticjrls  ur]ti 1

has beer] cc)] 1 ect. c:cl. ~’hc’ assumpt.i c~ns wi 11

t.rar.k 1 engt h c)r s>ubst. rate cli f fusi c~r} 1 czncjt.  h

t.c~t al Chal ge avaj 1 ah] e, Q (co) (cal C:U1 at.ecl i n

tllc nc!xt sect-j on) , j s 1 css t.llarl Q (tl. ) c:a] C:U1 at ccl here’. l:xpc’ct.  cd

clevi at. i C)IIS c)f actual co] 1 ret.c’d c:l]argc f“rc)m mc)ciel  pr-ecli c:t j c>rls arc’

cli sc.usscci at i.l~e c’rlcl c)f t hj s sec:t i c)rl. }“c)r the t i mc hei ng, lli gll -

densj t.y condi ti c)ns arc taken f cl~- qrarlt.ecl.
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T’he assume’d high-density co~ld it ions ovrr the requirc:d  time

imp] icitl y imp] y that. t,he suhst rat e i s ah] c t o supp] y an adc’c~uate

number of’ carri e.rs tc) t}lc’ epi regi c)]]. ~’his is al 1 that. rleeds t.o

be saicl about the substrate. A cc~nlpl ct e set. c)f” ec~uat i 011s for

cal CUI at. i ncj Q (tr) e.an be cic’ri vecl hy c:c)nfi ni nq our- attent i c]n tc)

the quasi -neutral epi rc>gi on, w}]i ch is the recji on bet W<:C’TI the III<FI

Z1l”lC]  the H] ,11] . l’here are ei cjht r[~l evant Currer]t Cc)mpc)rlc’rlt s: e] c’c -

trc>n ancl ho] e, drif”t ant] cliff ~lsi on, at two bourlclari es . ‘1’llesc?

Current. C.c]mponerits are Sllc)wn i l] Fi cjure 2 6. ~’he suhscri pts have

obvi ous i nt. c?rprc?tati ons. Arrc)ws,  i n t he f i cjur-e ~,how the cli ree, t.i c)n

that each current ref”ers tc), and t,he dj rect ions are. r,hc]sen so

t-hat: each of’ the eight compor~erlts  i s a pos j t ive quant. i ty.

We start. wi t.h t he simp] est. ec~{~at i c]ns . Hi gh - ciensi t.y cc)nc]i ti ons

are assumed at the hc)undari es, as wc!l 1 as irl t}le irlt. eric>r, so

cjuasi -neutral ity imp] i cs that t he elect. rori and }lo Ic densi t.i es arc

Ilc’arly equal ancl have. near] y ecj~]a]  gracli ent s at t he hc)uric]ari es.

~’hi s nleans that 01 ectrc>rl  ant] he)] c’ dri ft curre~lts are i r] t hc? rat ic~

c)f’ t.hc, mohi 1 it i es, ant] e] CJct.l-cjrl arlc] llc)I e di ff”usi C)II C.url-erlt s. are.

i rl t}le rati o c>f t lle mc)bi 1 it i es. 7’}Iu f i l-s,t f“c)ur ecjuat i C)IIS are



total cxlrrent flowing c]ut, so another equatj on is

1 e,drif”t, IJ + ‘e, ciiff, r) + lh, driit, Il - ‘h, djff’, D =

le, drift, }I
- le, cliff, lI + l} J, Cjrift. ,~l ‘ ‘h, cljff, }I “ (2)

A ~lleoret. jcal steaciy-st ate analysis [8] has shcjwn that , fc]r

bulk devi ces under hi gh- densi t.y c:c)ndi ti CJIIS, there is an IIRR (see

Sect j on 2 ) and ~not}lpr region a} love t}lat js cllar-ae. teri zeci by a

1 argc’ carri cr density anti weak e] ec:trj c f-i e] d. ] t. was ~,hown that

the cmrri er cle~lsity  is govc’r~]c~cl l)y the an~bi pc>) ar di f fusi on ecjLla -

t.ion in this region, hc!ncc the lc’gi c)n was cal 1 e.d the amhipo] ar

region (AR) . Fi gurcs 3 atlcl 4 S}ICIW simi lar rc!cjiolls, wit.11 the 1111

resembl i ng the IIRR ant] t.})e c~uasi -neutral epi recji c~n r[’sc’nlbl  i r:cj

the AR. It. js post. ulatec] that t}le c:arrier dcnsit y i~l the cjuasi -

neutral regj on i s governed by t hc: ambipo] ar di f fusi c)n ec~uat.i o]].

Nc)t. c’ that t.his ecjuati on, whi c}] cle:;cribcs c)III y the! carrjer clensity

fulIcA.j  o]] a~ld not carri c;r f 1 C)W, clc)c~s llc)t imp] y that carri er mot j on

is by diffusion. Di f“f’erc’nt clri f t.. assi st. ccl current clensi t i es can

be con~patih]e wjth the same: carrier cl~llsity furlct ion if the

curr-erlts have t.hc ~;anic di ve.rgel~c:es ( a 7 (C% divrrgcr)cp  niea]]s  that.

car-ri ers 1 caving a VOIUIIIC e] e.menl are rep) aced by others movj ncj

ill) . ~’herc!f’ore!, by pc>st.u] ati ng t.lle ambi pc)l ar cii f f usi on ecjuat. jon

in the c~uasi -neut. ra] rc!cli on, WCJ arc’ nc)t. ru] i ncj out. clri ft cur --

rents. Everl weak c1 Pet.ri c f i e] cls ]Jr-C)ClUCC> strc)ng dri ft c;urrents i n

lligh-clcrlsity tracks. Alsc~ rlc)t e that a 1 iriear cli f fusic~rl ecjuat ic)n

is post. ulat. ec] for t he carri c’r dcrlsity (not. carrier f 1 C)w) C“ver)

t.llough c’ar] i er di scussi on (Sec:ti  or] 2) st atec] t}lat. t hi s may nc~t km

appropr -iate. q’he c:at ch, fc)r bulk clc:vic:es urlcler steacly- state

cc)ndi tj ens, i s t-hat. the equat. i c)r] can c]nl y be usec] i f bc)unclary

c.or)di t-i ons are modj f ic?cl t.c> accc)unt.  fc)r }1}<}< wi clt }1 . ?’his is an

al t.ernati vc (as pc>inted out. i n Sect i c)n 2) t c1 a nc)rll i near- ecjuati c}n

with simp] er boundary cor~clj t i ons . Y;pi clevi c:(,s arc sinlpl er becausc

t.hc’ llLBl i s al ways at. rlc’.arl y tl~e s.an~e, 1 ocat j c)n . Hut, we shou] cl.
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assume e,arri er-densj ty bouricla Yy cc~ndj t j cjn.s show]) j n Ficjurc’ 3 as.

opposc~d to Fi gure 11.

Tile abc)ve pc)stul ate makes t}lc’ carri er cle]]sjt y gracij c~]lts (and

cljffusjon currents) solvab]c, cxc:ept for c]ne comp] i cat- i on . T’he

I)RF] i.s moving. Frc)m the point of view of mjnority carric~rs, the

IJRI~ resembles a vacuuni clearler moving clown (to the right jn

F’j gure 1 6) . A movi ng vacuuni C] caller co] 1 ects more carri ers than a

stationary vacuum cleaner. ~’}li s i s cc~nsi st. c’nt with Figure 3 ,

whi ch implies a larger gradi ~r]t near the DRR than at the }11,1+1

(logarithmic scales obscure visual impression of” s] opes, but. the

s,] opes clc) cc>mpare as s.t at ccl) . }’rcm t hc> pc)i nt_ c~f vi C’W c]f” nlajc)ri t y

carri ers, the DRI1 is a barri er t }lat pushes t}lc’m al ong i r] frclrlt of’

it. as it. moves. l’his procluces a majority carri or current at the

DR}i . rm]~ moti on al so af-f”cct-s t he rcl at. i c)rlshi p bet wcen e] ectron

r.urrent surfa~e i 11tc~c3ral  S; anti tllc~ rat. c: of C} Ian Cj-e c]f” the number- of

electrc]rls Contained jr] a VOI ume. ~’}]erc! can bc! a rat. c’ c)f change

wjthout any current if the. volume changes. 1 f we negl c:ct. the

i nf 1 uence c)f I)RI1 mot. i on C)II curlrnts,, we o?nt. ai n one. c!rrc>r . If WC

rlegl ect. t}lc~ i nf’1 uencc of IJ}UI mc)t i C)lI C)I1 t.}le cmnservati c)I; equat ic)n,

WC! c>bt ai n a sc,cc>nd error . 1 t c:an hc~ S,]l C)WI1 that tile twc> errors

partial ly (riot complete] y) cancc’1 , suggrst i ng t hat. we may c)bt-aj n

an ziclec~uat. o apprc)xi mat.i c)rl by pi-et cl~di r~g t hat t hc’ Illtil i s st at i c)lJ-

ary.

A georuc’tric simpl i f jr. at jon j s tc) assunlc’ that. t.lle trac:k hit s

near the center c>f the. IJR a]lcl t}lat t}lc: I)R 1 at. co-a] clime. ]lsi ons are

at )e. ast as 1 arge as t})e cpi 1 ~;. yer thi ckness. q’lli s makes thc~

dj ffusion problcnu cj~lasi-c]rle-dir[~c~nsi  c)na] (variat ions wit. }1 later-al

r.oc>rdi nat-es. e-an be e] i mi rlat. ed l)y i rlt .ec~rat i ng wi t h rc:;poc:t tc) t}lc’

lateral coorcli nat. es) . ‘1’}IcY c:arri c>r clensiti es at. the rnm ancl HIIBI

are assumecl cjrc!at e-r t han the clc)pi ng clellsi t y but., as sugqest CICI by

}igurcl 3, st j 1 1 sma] 1 c:c)mpared tc) tllc’ dc:rlsjty in tile cluas; i -

neutra 1 ep i illt. erjc)r. For t.}le purpc)se of cal cu] at. i llg qracji cnts

from the di f f’usj on ~quat. i 011, bc)t }1 bourlclar-i CIS can be recjarclec] as



sinks. 1 With the DRB assunlc>cl $;t. at ionary, the! symmetry of the

boundary value problem impl i es that

Nc)t e

si on

Si Clc!

ti on

‘e, cliff, r) ‘ ‘e, cliff, lI - (3)

that we Cou] d go a St ep furt.})rr a]]cl use the amhi pol ar cli f“f”u-

Ccjuation  to expl icitly evaluate the, t i me jntecjral of e-ach

C>f (:3) . But. the resu] t.i ng equat i on wi 1 ) be a 1 j Ilear ccmbj rLa -

of the ec~uat ic)ns al reaciy 1 i :;t. ecl ant] those stj 1 1 t c) ccm~c’.

A st. atic>nary DRR al SC) blc)c!ks the hc)le current , SC, anc)ther

oc]uati on i s

‘}l, drift ,11 ‘ ‘h, cliff, I) “ (4)

‘i’hc’ f’i lla 1 ec]uat.i c)n i s cc)nservat ic)n c)f elec:trc)lls. lg]lc>rirlg

t r-on current at the 1)1<}{ mj nus tlla.t at. t}le 111(}13 i s cc~uat ec] t.c) t}le

~lumber, so t he change jn the. nunlber of e.] ec:trc)rls  i s sirnp] y the

is, because the track 1 i berates carrjc!rs not on] y in t.hc. c~uasi -

neut. ra] epi regi on, but. al SC) j II the DR a])cl 111,. 1 t i s Cc)rlveni  e.nt.

t c) v.j Sual j ZC: the track as hc!j nq crest cd jrlst ant anc!c)us] y . WC! c!all

let t= O ref”er to any Cc)nvc’ni erlt tjnle aft er t }lc t rack f’c)rmati  c)]l,
------- ------ ------ --”

2. ~’hi s i 1 lustrat. c!s t hc: fact t hat. t IJcl ambipc)] ar cli f’fus; i c)]l c;cj Lla -
tjCJll c~C’SCrjbC’S On]y thC> CtZlrrj C’T- C](lll Sj ty f Llll C!t j 011, TIC)t. C!arl-j C’l-
flc)w. }:lect. ron flow at the II J,}I:I js ciiree. tecl irlt.c) the. cjuasi -
n~utra] epi regic)rl, Ilc)t. C)ut . ‘1’}1[’ }1111{1 i s ]lc)t. a sjnk f c)r e] c~c -
t-rons, it. is a source. It can he rec~arclec] as a sirlk c~rlly fc)r the
purpose of cal CU1 atj ng carrj er clc’nsjt y c~racii ents frcm~ t hc cli f fu-
sion equation.
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proviciing that there is ~lecjligible  charcje co] lect. jon at. i.hc

device terminals up tc) this time. ~’c) avoid t}le necessity of

c:onsjclerincj a rapi cl] y mc)vi riq DRR (i f the’ DI<l{ i s c~ve]) defined

duri ng DR COII apse) , j t. i s c:c~nvenj ent t c) 1 et t= O be t he cnci c)f

the CO] lapse stacje

t= o- refer to the

co] 1 apsecl. At t.hi s

hjt I)R. ~’he t.raclc

elec:trc]ns and ho] es) ancl the c:arrj cIrs Ilave not yet had time tc)

move . Following thjs state j s a ~-c:tlrrall~~cn~c’rlt c)f carriers ( a

c21arge sclparat.ic)ll)  resultil]cj i~l :;omo c)f t.lle prcvi C)US1 y urlshj e] dc!d

jmpuri t.y i ons becc)mj nq shi C] c~.c’d , 3anti tile I)R r-c)] lapses. Imr i ng

the CC)] ] apSC> , t}lc’ I)R1{ mc)ves u]) (at. 1 east c:o~lcept.  ua] 1 y, i t might

IIc)t be dc”f ille.d duri Ilg t hi s t.iwc’) whi le. ho] es arc simultaneously

pushed down be] OW the IIRII . All ho]c:s injtial]y liberated in t:he

pre-i on-hit. DR end up in the (JICJW larger) t: 0 cjuasi-rleutral epi

regj on. Quasi -neutral jty insures t-hat t.hjs supply c)f holes is

accompani ed by a near] y ec~ual Ilumber c)f e] ect. rons. As far as t:he

numbc’r- c)f e] ect. rc)ns j rl the t: O (’pi -reqi c)rl i s cc)nc:erlle  cl, t.hc enci

rc’su]t i s the same as i f the 1)}<11 mc>vecl Ilp, 1 eavi ]]g al 1 carrj c!rs

jn the. pre-j c)n-hit DR behi nc] SC) that. t hc:y nc)w f i nc] t hemsel ves i n

t hc~ quasi -neutral cpi re.gj CJII. WIIcIn t.here’ js a rlear] y cc)mp I et. e L>R

C:c)l ] aps, c?, there i s ]JC) ~;}larp di ~;t i net i c)n bet weell c:arrj crs 1 j bc~rat. -

ecl j n the 1)1< ancl thos. c 1 i berat I!CI i n t IIe t= O- qua:; i -neutral .vp j

regi c)rl, both cjrc)ups encl up i n t lle t.= O quasi - ]leut ra) epj rc’gi c>rl. 2

~’lli s st atemerlt j s cc)~lsj st erlt wj t.}] al 1 f i gurcIs s}lowj rlg Q (t) . q’he

amou~)t of” charcje 1 i beratc?d i n t.}lc~ lJR }Jas nc) spec:j al -sjcj]lif jcance
----- ----- ------ -----

3. C:omputer .Sj mu) at ic)lks ~,}~o~J ~; vel-y fzlst curr~nt.  IIhl jp” t})at
might. be associate] wi t.}1 t hi s cl}largc~  rezl>-rzlr-l~jc>nlc~r~t. (pc)ssib]y  a
Capacitance ef’feet, ) . But t.}lj :; cml-rent b] i p has nc)t. yet been f c)urld
to sigllj f’jcantl  y Cc)rlt.ri but e t c) C:OI lec:tc’cl c}large. Mc)st c:harge
cc>] 1 Cct i on c]ccurs ciuri ncj t hc l-c’c~clvery st age .

2. ~’llere i s r-lc]t- c’verl a s,harp dj st jr)ct.icll]  irl terms c~f cc)] lapsjrlcg
t}]e I)R . (:arrj ers 1 i berat ecl c)ut sicle c~f t lle I)R carl cli f f use i II allcl
produce a co] 1 apse. ‘i’hj s was prt:cij c:t [Id thec)ret.  i c;a] 1 y f-c)r st. ctady -
st. at. c Concli t.i c)lls [.9 ] arlc] veri f .i C’CI by 1’1 SC:ES fc)r t ransi cl)t
t i c)ns.

cc)ncli -



in any of” the curves.

Now Consicler Carriers liheratecl in the 111,. T’he Cc>llapsincj DR

rc’su]t. s in a volt. acje across the }11, that acids t.o the built. -in

potential . The result is a stro~~cj elect.rjc field jn t-he 1111 that.

wil 1 drive electrons jnto the cjuasi - neutral cpj regi on unt.i 1 the

carri er density gradi ent in t.hr }11, is large enough for the diffu -

sj cjn currc:llt t o nc. arl y }x1] ante tile clri ft e.urrc~nt, . AS SOOI1 as thi s

near-balance c)ccurs, the number of electrons in the 111, i s much

less than the t.= 0- value, nearly al 1 have moved j r;to the cluasi -

r-leut. ral epi regi on.

We cc)nclude frc~m the shove cl. j scussi on t.}lat. the number of e] ec;-

t.l-C)l”l  S irl tile t = () c~uasi -Ileut.ral epi regi c)r] i s sjnlp]y Q] j ~J/cj, t.]-le

numbel” ) i bcrat. cd abc)ve t he 111,1:2 . I,et. Q wi th a subscri pt be the

time integral (from O to tr. ) c)f t}le Currerlt  llavirlfg tile samc~

s>ubsr.r  j pt. . ~’he fi na] c~cluat. i c)n i s

Using

(6)

ancl so]vincj the .~in~~lltzi~-le.c]~~s c’cjuat. i orls consi sti ng c>f (5), (6),

ant] the. t.irnc: i ntegra] s. c)f (1 ) t}l] c)ugll (4) c~ives

(“/)



assumptions (a centered j on hj t at a junr.t.i c)n wi t.h 1 atera] dimen-

sions at least as large as the epi thickness) implyinq a quasi-

one-d jm ensi onal probl em are st i 11 assume’cl, but we now consi tier

what. may happen when some c>f tile other assumptic)]ls.  faj 1 . 01”1 c! c) f

the assumptions was that the subst rate can suppl y r.arri e]-s t-c) t llc~

c!pj regi on j n suf”f i cj ent c~uant j ty t.o mai nt. ai n hi gh-densit  y cmndi -

t i ons unt i 1 the mc>c~el pre. cli Ct ccl Q (t r) has been cc)] 1 cc:tecl. Thi s

assumption e,l early fai 1s. if tl]c: track 1 ength ancl/c)r substrate

diffusion length are so s;hort that Q (m) (cal CU1 ated in the nc?xt

section) is 1 ess than Q(t.l. ) cal culat. ed frcm~ (“/) . Thc act.uzrl Q(~r)

must be less than calculat-ed from (“l ) .

Another way fclr the assumpt i CJIIS t.o fai 1 is for the ic]n I, IVY t-o

be too small. 1 f we 1 ook at. t he low-l,}KI’ case shc)wn i n Fi gure 8,

we fine] that. the equat i C)I1 t hat is mc)st visibly wrorlg is (IC) . T’he

e] ectrc~n ant] hc~lc! cle. nsit. i es are rlc)t near] y equal at the }1111~2 , so

the drift currents are not. jn the ratio of’ the mc]bj 1 it. ies. 11’he

proper rat. i o clf clri ft. curr-e.nts; Collt ai rls anc)t }lf2r f ac:t,c)r, whi Ch is

the rat. i o of the ho] e clensi t-y t.c~ the e] ec:~ron density. 1 f we set

a fuc]gc? fact.ol” f c?c~ual t.c) ~c)~lie kinci c]f t i mc anti rac]i al avcrag~ c)f

the 1 at.ter rati o, (3c) is rep] acecl with

‘h, clrift., }1 ‘ (P], /Nc) f ‘c, clrift. ,11

ancl repe. atinc~ the? prc!vi ous anal ys. is; cji ve. s

(8)

(9)

I’lie value c)f f at the part. ic:u]ar t i me arlc] racli al cc)orcli rlat. c

roprc!se~]t.  ed jr] Figure 8 j S; al)clut. 1 . “/ . 1 t. i s rlc)t c)bvj C)UF, what

va] uc rc~prc?  sent s a time arlcl I adi al aver acjc’ , but the’ Value’ 2.6

prc)dur. es, ac~recmerit wi th the- c:c)I 1 cr. t ccl c:harcje s;hc)wrl i n Pi gure “i .



It should lx noted t hat. t}le llicj}l-dcrisjty  model i s an iclc>al i za -

ti on that even an I HI’ of 4 Cl CIOPS ]Jot. procluce. g’he same ccjrlsi dera -

ti c)ns just discussed fc>r tile IcJw-I,E’J’  caF,cl also app] y t c) hi c~her

1 l}vl’s , but, to a lesser- exterlt . Fiqurc 3 suqqc>st. s that the CipprC~Xi -

mat, i ons should be good, but thi s figure refers t.o a r-ad. ial coor-

dinate of zero, where the c:ar-r j er dcnsi ty is greatest. At. 1 arcjm

radi al coc)rdi nates, the ratio c)f hole to elc?ctrc)n drift currc!nts

at. the? III, H1 wi 13 di ffer f’rom tile ratic] c}f mobi 1 it-i es. Ilc’cause’ C)f’

a large }11,1]1 area, the Cc)nt. ri but-i on to surface i nt. egrat. ed ho] e.

cirj ft current. from t,hc 1 arqer racji a] di stances is not nc!cj] igjb] e.

I n general , the model preclict i CII1

for the actual Q (tr) . u’hi s upper

by high -1,~’l’ ioris having a long

relatively lc)ng 1 if”etjmc!. I)eviat

is expec:t ccl t c) he a n upper 12CJUI lcI

bc)uild is mc)st C] C)SCJI y approacheci

range ill a substrat. c~ havi rig a

j clns frc)m t hese cc)ndi t.i C)IIS teIIc]

t-o reduce the actual Q (t-r) . Mc)clel accura~y cou] d bc’ j mprovccl by

using an empirical fudge factc)r f in (9) . Values of f that. fit

~,c)m~:  clat. a (see. Sect. i c)n 1 4 ) rarlcjc frc)m 1 . 5 t.c) 2 . 6 .

1 t. shou] d be poi nt. ec] out. that. t hc’ prc:dj cted Q (tr) sczilc?s with

i c)n 1 ,}ITJ’ I but CJVC]I i f the moclel W;IS ec~ua] 1 y accurat c’ f’or ar]y I,F:’l’,

t hi s WOUIC1 stil 1 nc)t imply t.llat CC)l lrct. eci charge up tc) a given

t i me t.

we are

Charge

scales, wit}) )ll:l’. When c~c~nlpari  l]g Q (t ~) f c~r cli f f erellt. cases;,

compar-i ncj Q at correspc)]]{lillcj times but. di f f-ercnt. times.

cc)] 1 c?c:ti C)I1 car] bc: faster f C)Z C)IICI case t.harl fc)r al]c)t her.

9. A Mc)clel for Q(m)

UIII i kc” the hi gh - densi t y mcdc!] fc)r Q(t]-) , the prc)pc>sc’c]  nlc~clol f“c)r

● Q(%)) appears (juclfgi  ncj f rc]m sevc’ra] 1’1 SCII:S examp] es) t cl be accIu - ‘
\

- 1rat c: and app] i cab] e t.c) al I c:ases, j IIC:I ucli ]lg t.hc p -II- II + cli OCICI. NCI

fudge: f’act. ors are nc:ecled  to improve accuracy. ~’he proposed moclc!]

i s  clbvic)us; WC’ ~~dd tc) Q] jk) +lYCI charge that. c]if fuses from the

sll~):,t.rate> t.c) t.hc! epi 1 ayer. I]ut. t-he dj f“fusi c)n c:urrent  ciepencls c)n

boundary condit. i c)ns at. the 111 J~2 , S.O i t i s. i rl:;t.rue+ i vc tc~ 1 c)c)k at



the I’ISCIIX predicted carricl- derlsitic’s s}lown in Fjqure 3. T}lis is

the baseline case prior to DR recovery. The electron ciensity in

the substrate at this time is almost as large as the doping

density, and wi 11 be even lar(~er at ear] ie.r timc>s. Llsc! of” the

minority c,arrier diffusion equation to describe carrier clensit.ies

and electron diffusion current. may sc~em questionable. But the

figure refers to a zero r~lditil Coc)rdinate where the carrier

densjty is greatest. At larger raclia] cljstances ancl/cJl  at later

times, the minority carrjc’r djfiusjon equatjon will clc~ar]y apply

to t}lis example.

C;iven that the minority car~i~r curr-erlt  from the substrate to

the c’pi region is diffusjon, as predicted by t-he: mi~lority c:arrier

diff-usjon e.quat-.ion, the important observation frcnn Figures 3, 5,

8, 1], and 14 is that. the 111,1{2 is a sillk-ljke boundary for n~jnc)r-

3ty carriers. q’his mearls that t}le cliffusi or] cu>-re]]t clc)es not

clcpcnci  on condjtjons inside thr epj layer, and is therc”f-ore easy

to calculate under simple g~omc’tric! c:c>nclit. iorls. If the jc]n I,EII is

IIearl y uni form ancl i f the. track 1 ength in the substrate, as well

as all s>ubstrat.  e diniens, ion.s, i s nluc}l great cr than the substrai. e

cli ffusjon length, the numb~r c>f IIli nc~rit y carriers that. di f’fuse t o

the sj nk-like boundary 111,1]2 js si nip] y the number 1 i berate’cl wi thin

a mi nc)ri t.y C.arri  ●r di f f’us, i c)n 1 cll~ft }] from t.hi s hc)unclary. q’herc!fc>rc

Q(m) is estimated, f’or t.hc!sc simple ge. clmetric conditi on:;, t-o bC

t_he Charge 1 jherated in t}lc? region that includes the epi 1 ayer

and extends an

Fc)r the more

trac:k , we can

sectj ons, or f“inci anal yt, ic fits t c) III+:(J’ c>r rangcl clat a SC) t hat. the

illt.cgral can be evaluated ana]yt i cal ) y. Hit her way, we ~lc’ed t c)

know the amourlt. of charge that di ffuses t.c) t }lp c!pj 1 ayer, ‘Qdjffl

wllel] snot-her amou]lt cjf’ C}large , SQ, i s 1 iberatecl a pc?rpencli cu] ar

cli stance y below the epj layer. A simple cliff’ usic)rl arla]ys is,

app] i cable when t.hc suhst. rate cli f’f usi on length, 1,1), j s smal 1

c:ompared to al 1 subst. rat. c~ cli mensi ens, cc)ncl udes t }lat the c’cjuat. i on
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is

(lo)

When comparing mode] predict j c)ns to 1’1 SCF:S results, we should,

for interns] Cc)nsi st. cncy, use t}le same mobilit. ies ar]c] 1 i fetimes

that J’] SCl?S USeC~. It. is pc)ssih]e t.cl make 1’1 SCES pri nt. c~ut. these

cjuant it its, anti jt was f’c)uncl t hat t-he e] c:e.tro]l  arlcl hc>l c’ mc~bi 1 j -

tj es i n t.llc: epi 1 ayer fc)r t}]c’ l: E;sc?l i ~ic prob] em wmc~ 13:10 a]]cl 495

cm12/V-sc”c, respectively. ~’hr va]uc of Q(tr) / without. t}le fuclgo

fac:t, or, j s cal CUI at. ed f’rc>nl (“/ ) t.c) Ix? abc)ui. 1. 8 t imes Q] j~,. l’lljs

S}1OU 1 d be ar) uppc!r bc)urlcl. for t IIc) act ua] Q (t r) ancl shc)u] cl apply to

both t.hc base] i ne case ancl tllc’ rc’c]uc-c?cl  II E’1’ C.as>c. . ~’}lc! Value? C)f

Q (tr) Cal Cul at. c?c] f rc)m 1’1 SCES i :; fouljcl f’rcjm l’i qures 2 a]]cl ‘7 t c) be

about 1 . 3 arrcl 1 . 2 tjn~es, ‘)lib f or t}lc! hasel j rlc! ar)cl reclucec] llE~’

C:as>c!s , respect. i vel y. As expect- c!cl, t he ba:; e] i ne case coInc!s C) c)s. c:r

to the mocie] preclj ct. j c)n. ‘l)hc v<]] UC!S fc)r tllc! f uclge f?ic:t. or f nc~c?cleci

to make (9) agree with 1’3 SC:F:S arc? 2.1 anti 2.6 f c>r the base] ine

anti reduced lJ?l’ cases. respect ivel y.

For t llc i ncreasec] dopi ncj case, the Cl cc:trc)n  and ho] e mc)bj 1 it. i es

jn the epi layer were: 3 0“/6 arid 461 C:m2/V-SCC, rc!spect. ivc!] y. T’he

ca]culat. c!d value of Q(t. r) , wi t llc)ut. t.})c fuclgc f“act. or , is about.

3.6”/ till\E>s t~]ib. ~’he value c:alculatc~d by 1’1 SCES appears, from

]’igure 13, to be abc)ut. 1 .25 t. i NC’S Q] j~, ” ‘1’hc: value c~f f rlocdecl t.c)

produce agrc:cment. i s about 3 .95.

1 t i s i nt. c:rest. j rlq t }lat. clat. a ~lrc!serltc!cl l:)y I)c)dcl et. al . [ 3 ] are

Consj st. ent. wi t.h c)ur c)wrl 1’1 SCI1:S pre. clj ct j C)nsf al t.houcjh i t. j s nc)t.

c:] ear- what t}le nlc)bi 1 i t.i c::; wc:rc, bee.au:; e CcS n~c]clc’1  s, wc~rc! usec] .

Rc~ferri ng t.c) 1+’i gurc’ 5 c)f t lle l)c)cIcI pa~lc’r , o(t,. ) appc’ al-s to ~)<>

about. 3 . 3 pc. Thi s was prc)duced by a 100 McV F’e j c)n (I, RCJ’L 29) i r] a



2.5 ~~m epi layer, –0.-/5 PC and Q(t. r) is about 1 .5 timesso Q] ib-

‘lib” If we pretend that the nlc]bi 1 i ties are in the same ratio as

those usecl in our own simulat. ic)ns for the baseline casa, we find

that the value of f needed to prc)duce agreement is 1 .5.

Tc) est. imat.e Q (CO) , we need the mi nclri ty carrier cli f fusi on 1 ength

in the substrate. The! e] ectron aric] hole mc)bi 1 i ties used by PI SCES

in the ~,ll~jst~-a~e were 252 and I “/8 cm12/V -ser., respect.i vel y. I]ased

or] arbitrary data that we supp] i PC], P] SCES calculated the 1 ife -

t.ime in the substrate to be 4“/ .6 ]]s. Thi s producas a minority

carrier diffusion length of 5.6 ~~m for al 1 n+-p-p+ diode cases.

Adding this t.o the 5 ~~m epi thickness, the estimated values c)f

Q(co) are 2.12 times Qli l:, for al 1 such casps. Fc, r the p+- 1-1-11+

dj ode, Q(co) is est. imatec~ t.o be 1 .94 times Qli k). C!ompari ng these

prc~cljctions to }1’igures 2, 7, 30, allcl 13 shows reasonably cjoc)d

acjr.eemc’nt, for al 1 e,ascs.

1 t. was found that., eve]] uIIcicr hi qh-cier]sit y conc]it i ens, fu]lne] -

i ncj somet. i mes oc:curs ancl somc!t.i m[~s CIOCS ncjt . 1 t i s rc’asc)nab] c t.o

ask why there are two pos, s,ibi 1 iti es. ‘1’lli s c~ues, t.i c)n was, cluanti tc4-

tjvc!ly answer-ccl fc)r bulk cli C)CICJS under st.cacly-st.sic: cc)]ldit.i c)ns

[ 8 ] , but. mat.hemati  cal cc)mp] exi t y c)hscures physi ca] unclcr-st.  anding.

An i.ntui t.ive pi cture can be obt. ainc~c] by ignori ng the fact that

there arc” cli ffererlt. clcgrec~s c)f lJR co] I apse anc~ pret.endj nq that

on] y t.wc) s)t. at. e.s are possib] c: f uIlncl i ncj and no-funnel i ng. ~’he I)R
j ~, either complet. c~] y cc)] lapseci or comp] etel y intact . q’he Cpi

cli c]de appear-s tc) be qua] i t ati vel y simi 1 ar t c] the bulk cii C)CIC, with

the H], jn the epi dic)dc: subst it. ut. incj fc)r the! 111<1< in the? bulk

cli C)CIC. ‘1’he bulk case i s clj scusst~cl becallse conc]usj ons are s;up -

portc:ci by cluant j t.ative anal ysi s.

Pi rst cc)nsi der the }110<, w}li c:}l i s a recji c~rl ac]jac:ent to t }IC 1 c>wer

e]ect. rc)de. ]n real jty, t.hc’ }lRR :11 ways has a sma] ) cc)nc]uct.i  vi t.y

2 “/



(compared to the reqjon above jt. uncier high-density Conditions)

hut it can have various widths ant] support various voltages. F\ut.

in this two-state picture we will visualize the HRR as a fixed

region which can have clifferent. cc]nductivities. The most obvic)us

state possible for the HRR if the track is long enoucjh to com~

near it is t.o be floodc?d with carriers, i.e., it is shorted and

supports no voltage. But. another state is also possible, Given

that there is (somehow) a large voltage across the }IRR, a strong

elc?ctric field preverlts minc)rity Carriers from entering and

drives out those already presc”nt. Quasi-neutrality insurc?s that.

there are essentially no excess majc)rity carriers, so the conduct-

ivity is ICJW. l’his is a se]f.~u.stairli~lcj  state. A strong electric

field maintains a low conduc!t-ivity  which maint.sills a strong

electric field.

Similarly, one state possih]c f“c)r the IJR is to be f“loodc:d

(shorted), but. another possible state has a strong electric field

that. sweeps out. Carriers ancl kc!cps t.hc? density below floocling

levels. When the DR ant] IIRR are in series, they can both be

shortecl momentarily  hut., in t.hc: absence of a current limiting

ext.c!rna] resistance, they cannc~t. both remain in shc)rt.ed states

(the region separating them supports little voltage). C]nly c)nc!

c!an remain in a shorted state anti the other is forced into a

vc)ltage-support;ing  state. If the I)R is shorted wc have funne]ing,

if the HRR is shorted we CIO nc~t .

One? obvic)us c;c>nclusion fronl the above? discussion is that. the

c)ccurre~ce of f~lnna]ing c~~~pc;nc]s  On the ]oc;at.ion and ]~ngth of the

ic)n track. If a high-clensity track is lc~c:aliz,ec] nc:ar the 1)1<, tlie

IJR will have the stronger tendency I_o s}lort. and funneling occurs.

If the track is local iz, ccl near t.}le FIRR (this is possible if the

track is produced by a proton-i ]Iciuc;ed nuc:l ear reaction product) ,

the }lRR has Lhe strc}nger te.ndctrlcy t.o shc)rt and funnc] i ng cloes no’t

occur.

This picture, combi nod with some additional in format i on, can

?.8



explain why f“unnelincj is so marginal fc, r the jncreaseci ciopjng

Case shown in 1+’icjures ]3, 14, and ]5. AS a]reacly noteci, the

explanation is not simply that. t.hc~.rc? is a rec]uced ratio of track

density t.o doping densiiy, because an even smal ler ratio proclucec]

strong funnel inc~ f-or the reduced IIE’I’ r.as,e. T})e proper explarlat.ion

involves a property c]f the? DR. Undc!r low-density Conditions,  the.

DR is characterized by a near balance between clrift. and diffusion

curreni.s. In fact, ecjuatincj tot=a] electron a]lcl hc)lc currer]t. s t.o

zero is a simple way to derive l-he class ica] law c)f th~ junction,

which relates carrier density to pc)terltial . ]n orcler t.c] flc~c]cl  or

collapse a DR, it is necessary f-or total minority c:arric’r current.

tc] be nonnegligib)e  cc)mparc?cl  tc) t.}lc! inciiviclua] cirift ant] diffu-

sion components. lncreasc!d doping prc)ducc!s increased clri ft. and

diffusion cur-rents, so the current. requj red t.o co] lapse the D]<

increase s.. l’he DR becomes mc~re cli f f i CU1 1. t o short whi 1 e the IIRR

(or 111, for epi dic>des) bccomc?s easi c.r t,c, short. ~’hc: relat. jve case

of’ shc]rt.  i ng the twc) rc’gi c)ns shj fts wj t.h j ncrcasecl dc)pi ng . Hcnc:e,

funnel ing i s more cliff icu]t tc) jllducc~ when tllc~ dc)pillg is in-

creased, even i f’ ion 1 WI’ j s i ~lcrc~ased by the same rati o.

Although not irltuit. ively obvious (there is a mathematical

explanation [8] ) , t}lc? }IRR has a stronger terldency to shc]rt. when

the substrate i s n-type than fcjr the p-type case, even when

doping densities are s~lc’c:t.c’ci s,c~ that both types have t.hc? same

conduct. iviti es. Compared tc) the p-type case, funnel i ng for t.hc n-

t,ypc case rc:clui rc?s car-ri er gener ati on to bc? clc)sc!r t.o t.hc? I)R. If

carri ers are generated unclcr st, {?acly-st,at  (I conciit.j c>ns, funnel i ncj

doc?s riot occur i Ii Lhe n- Lype. s.llbstratc whc~n the genc>rati  on i s

spati al ly uni form throughout t }Ie di ode, but. can occur for the p-

typc case . 1’1 SCl?S resu]t. s show t hat., f-or epi clj cjcles unde?r t ran-

sient conditions, funnel i ng clc)es not. occur j n the n-type cii ode

when t}~e track is uni f’orm i n the. epi 1 ayer, but can c)ccmr for the

p-iype. di ode.



12. Exp.er i me.n&a I. __ Da.tE

T’echniclues pjoneered by McNulty et al. [11] were used to meas-

ure co] lect-ed charge? from an n-type substrate epi CMOS SRAM, from

alpha partic.l~s  havi l~g sever-al energj es. A charge-sensing pream-

pl ifjer was Connected tc) the c]evice supply ) i ne ancl a hj stogram

of the resultjng pulse distri hutjon was collectecl  by a nlult; j-

c}lanne] analyzer (MCA) . By mc]nitorjng  the sum of curr~nt. s from

all nodes, the device sjmulates a large-area diode. ‘J’he t.j me.

scal e used for the measurements was too 1 c)ng to reach any concl u-

sjc)ns regarding Q(tr) , but Q (CCI) was mea.surccl. co] 1 e~t ed charge

rneasurement,s  were? taken from MCA peak cent. c?rs and cal j brat. ecl

usjng a surface barrier detector. l’hc 2 MeV alpha part. jcles

resulted jn broad peaks due t c] vari at. iorls in over] ayer stopping

thickness. Peak centers were clctermjned by center-of.-mass type

calculations. ‘l’he peaks are much sharper for higher energj es.

The device had a grown cpi thickness of 9 lLm, whjch should

reduce? to abc>u~ 5 ~~m af”t. er proc:ossj ncj [ 12 ] . Over] ayer t.hi ckriess

a~ld substrate di f fus, j o]] 1 Cr”lgth are unknc)wn hut can bt? i nferr-e.d

from the data. Over] ayc~r t.hick]lcss is relevant (at lc)w energi es)

bccausc i t af feet. s j c~]l I,lI:r J’allci ~]c:netrat.i 011 depth be] C)W t}lc c]ver -

layer. Hst. imat.es elf” the vari C)US thick rlesses arc those va]uc?s that

make the model -predicted Q (m) agree wi t.h measurements . Model

prc?dictjons were cal culat. ed by first. usjng ‘J’RIM to calculate

alpha partj c.] e enercjy versus t>-ave] c~i st anc. e in silicc)n. ‘1’llescl

data ~asi ly calculate QCPi when c)verl ayer thj cknc?ss, c:pi thick-

ness , and jnjt. i a] alpha part i c.] e. eIIcrgy are assume cl. For j c~n

tracks 1 ong enough tc) go through the epi , charge cii f“fusi IICj to the

ePj 1 Qdiff~ must a] so be cal CU1 ateci. A nunieri cal i nt-egrat. i on sums

Cent.rj buti c~ns f rom mar~y sma] 1 t I’iic:k s.e. ct. i c)]~s , wi t h ‘J’R1 M resu] t.s

used t.o cal CUI ate &Q f clr c?ach sect. ic>n ar]d (3 0) usec] tc) calulat. e

~Qdiff.

Very good agrec?ment bc>t ween nlc)clel pr-edj ct. i OIIS ancl n~c’asure.  merit-

was c)btaj ned usjng a 4 ~~nl averag(: c)verl aycr t hi ckness, a 5 ~~m epj
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thickness, and ali 11.5 ~~m substrate djffusjon lc?ngth.

overlayer thickness includes all dead layers and is

equivalent, which will bc large.] than act.ua] physics]

if there are any very de]]sc? structures. F’urt.hermc)re,

was planarizc?d, which also t~rlcls to increase overlayer

Note that

a silicon

dime] lsions

the devjc:e

thickrie.ss.

‘l’hcref-ore, the 4 ~~nl c?st,jmat.e  is crediblcl. A Cc)mparisc)ll b~t.ween

model predictions and mc?asuremerlt is show]l in F’iqure IV. ~’he very

gooc] agreement usjng the expected epj t.hjckness tends to validate

the model. Other epi thjcknessc?s cannot produce such good agreem-

ent., no matter how the ot.}ler parameters are selc!cted.

Aclcljt.ional valjdat,jon  was c)bt.ajned fronl a second clevjce, iden-

t-jcal to the fjrst except that a very large fluence from very

heavy ions (a result. of many ltltchup tests) degraded the sub-

strate ]if”e~jm~, Usinq the SZ~nlCI c~v~r]ay~r and ~pj thic+rlcss used

for the fjrst devjce, but selecti.ing suhstrat.e djffusjon lcngt.h t.o

f’jt t.hc data (2.5 ~~n~), prcjcluc:eci the cc)mparison showII jri F’jgure

18. The charge -c:ollect.  ion C] C?pt~J is small for this dc?vjce, hence

it. collects much less charge at the higher Cncrgies than t,he

fjrst. device. ~ollec:t-ecl char-q<, fc)r the secc]nd clevice clecreases

with increasing energy above. 3 MeV becausc~ track length is. longer

than the charge-co] lect. jon Clc!])t.h and j on l,H’11 decreases with

jncreasjncj energy. A lass-tklzlrl-~)erfect  fjt between model predic-

t.j ons and n~easurement  j s at.t.rj  but[!d to a smaj ] recombj nat. j on ) oss

jr] the epi layer. l’hc f j t j s cjc>cxl e]lc)ug}]  t C) acic] acldj ii c)na] creclj -

bi 1 j ty to the moclel .

33. .Cc)nc] usj _on

A proposed upper- bc)uncl fc~r Q (t ~ ) j s the va]ue cal CU1 at. ed f“rom

(7) . The modified equatj on (9) wc)uld giv~? a more accurate est.i -

mat. e, except, that. f j s urlknow~l . 11’rcIm a pract. i cal poj rlt c)f vi cw,

the modified equatjon  is useless; j f we have nc) jdea c)f what. the

numerjc:a] value? of f is. F’rc)nl an acaclemj c poj ]lt of vi ew, t.}~e

ec~uat.  j on j s i nf ormat. jve becaus, c. we knc)w what f represents. It is
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an average ratjo of hole density t,c) electron densjty at, the HI,IJ1.

We also know the condjt.ions that. tend to make f jncrease or

decrease. It decreases and appr-oaches 1 in the hi.gh--densjty

limit.. We can alsc) see f“roni (9) how f influences Q(t.r) . Cc)mpared

to a Iow-I,ET ion, a hjgh-llEl’ iorl prcjcluces a smaller f and the

actual Q(tr) is more nearly ec~ua] to the upper bouncl calculated

from (7). However-, even a very hjgh-IHT ion cannot sustain conclj-

t.jons rc!scmbling  the hjgh--cjensjty  ljmit for the requjred time if

the track length in the substrate and/or substrate cl if fusion

length are negligibly small . In t.hjs case, the actual Q(tr)

Cannot exceed Q] i b.

~’he t.jme depenclencc?  of charcje co] ]ect. ic)n is irlfluerl~ed by

funlle] irlg and r,lla]]cjes when Cc)nclit.  ions change, but. t.lle Lotal

amourlt CO] I e~~~d, Q (’xI) , is s.imp] c and cal CU1 at. ed the same way f’or

al 3 cases. Judging by several I’ISCI+:S  examples, a reasonably

accurate estimate is obtained by addjng to Q] ih the amount Of-

charge that di f’f’uses from the ~;ubstrat. e to the. api 1 ayer. l: Xpel_”i  -

menta] data are consistent with this model . F’rom a practical

point of vj. ew, it is u~ilikely that we wjll have an accurate

est. imat. e of the substrate di f fusic)n lc!ngth jn a real clevi Ce

un] ess co] 1 ected charcje j s mc!as. urcd, so estinlat.es of Q(m) wil 1 be

unccrt.  ai n. From an academi c pojrlt. c)f view, the simp]. icit.y of the

model i s very appeal jng.

Co] lected charges were compared f-or several changes jn condj -

t.jons. A compari son between cli ff erent j on lllt~’s

concljt i c)l]s are the same is sllc]wn in F’jgure ‘i .

values of Q arc! ]lear] y in the rat io c~f the I, F:I’S.

case produces a faster l)R rec:over-y.  T’hc’refc)re,

co] 1 cct. ed c:harges at t lle same ( not. Corrc!sponclj ncj)

thj s rat. i o i s riot c)hservc~cl . Fc)r examp] e, }’i gur-c!

at 0.1 ns of 24 jnste. aci of 40.

T’he ef feet of increased epi dc]pj ncj js shown j n

margj nal funneling occurred fc)r thi s case. ‘l’he

when al 1 c)thc?r

~’he asymptot i c

Hut. the ] OW-] )W’

when comparing

and ear) y t jme. ,

7 shows a ~-at i c}

Figure 13. Only

compari son that
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may be the most i nteresting i s s}lown in ~i gur-e I o, whi Ch compares

the two diode types. The valuc!s c~f” Q(CO) are comparable, but. the

P+- -n-n+ diode does not show a furlneling regime, and charge Coll-

ection at early times is at a rc’duced rate compared to the other

case . It was found that. the DR was. able to resist collapsing even

though the carrier dc?nsity at the! DRB greatly exceeded the doping

density. ‘l’his observation is cc]rlsist.ent.  with quantitative theo-

retical predictions. A two-state picture makc?s c~ualit.ative

cause/effect relationships easier to visualize.
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F] GIJRF: CAP’1’I ONS

Figure 3: ‘I’he diode and ion track defining the baseline problem

(not drawn to scale).

Figure 2: Collected charge as a func~ion of time for the baseline

problem and for a bulk versiorl of the problem. The horizontal

line is the charge liberated in t_he epi layer.

l’igure 3: Electron and hole densities for the baseline problem at

time tl shown in Figure 2.

Figure 4: Potential for the? base]ine problem at time t.g shown in

Figure 2.

Figure 5: Illect.ron and hole densities for the base]ine problem at

time t2 shown in Figure 2.

l’igur-e 6: Potential for the baseline problem at. time t.2 shown in

F’igure 2. Off-scale arrow indicates t.}lat t.~lc: fjrst. p~t.ent,ia]

clifference is across t.hc! entire 1)1<.

Figure “1: C!ollect.ecl charge as a furlct.ic)~l of time fc)r the recluceci

lJ?’I’ problem. Alsc~ s}1ow]1 js t.lle rlormalizccl (clivicled by 40) curve

f-c)r t-he baseline CaSQ. l’he horizc]nt.a] ]inc! is the charge liberat-

ed in the epi layer.

l’igurc? 8: F:lect,ron and hole dc?nsit.ies for the reduced 1,E:7’ problc?m

at time. t, shown ill F’igurc 7.

Figure 9: I’otentia]  for the reclu{:ed I, F:’J’ prc)b] em at. time tl shown

in Pi gure 7. Off-sea] e arrow i IIcli cates that. the f i rst. pc]tent. i al

di fferenc~ is across the entire 1)1+.

-{ c,. .



Figure 10: Collected charge as a function of time for the. p+ -n-n+

diode. Also shown is the curve for the baseline case. l’he hori-

zontal line is the charge li.berated in the epi layer.

Figure 11: Electron and hole clensities for the p+ ‘ diode at-n-nT

time tl shown in Figure 30.

Figure 12: Potential (with reversed sign) for the pi-n-n+ diode

at time tl shown ill Figure 10.

Figure 13: Collected charcje as a furlct-io]l of’ time fc)r the in-

creased epi doping problem. Also showh is the curve for the

base]ine cmse. ~’he horizc)ntal li~le is the charge liberated in the

epi layer.

Pi gure

dc>pi ng

Figure

34: Electron and hole densities f’or the increased epi

problem at time tl shown in Figure ]3.

15: Potent.ia]  for the irlc:rc’a~;ccl  epi c]opincj problcml at. time

t., shown jn ],’igure 13.

1+’j.gure 16:

epi region

cc)nlponerlt,s

Figure 17:

SRAM .

F’igure 38:

l’he eight current c:c)mponents at the two quasi-neut,ral

boundaries . Arrows i~ldicatc”  directions that. make all

positjve for n+-p-p’} dioc]es.

~cmparison between pr[!cijc:t.ed and measurecl Q fc)r an epj

Sclme as Figure 1“/ excc?pt. that the SRAM has a clegraded

substrate lifetj. me.
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